Motivated by Moore's law, molecular electronic devices are considered as a promising alternative of traditional silicon-based electronic devices due to their extreme miniaturization, low-cost manufacturing and versatility [1] . The initial model of molecular electronics was a molecular diode theoretically proposed by Aviram and Ratner in 1974 [2] , where they utilized a single organic molecule to control the electric current flow in one-way direction. They designed an asymmetric molecule consisting of a donor-σ-acceptor structure (D-σ-A) to mimic a p-n junction in semiconductors. At that time, one fundamental impediment that limited the realization of molecular diodes was how to immobilize a single molecule to a pair of electrodes. In terms of this issue, in the 1980s, the development of scanning tunneling microscopy (STM) and atomic force microscopy (AFM) made it feasible to probe the conductance of molecules. Until 1997, Reed et al. [3] developed the mechanically controllable break junction (MCBJ) technique to realize the measurement of an individual molecule and a real singlemolecule diode was fabricated later by this technique [4] . With the development of more and more approaches to build single-molecule junctions such as electromigration break junctions [5] , STM break junctions [6] and carbon point contacts [7] , researchers turned more attention to the functionalization of molecular electronic devices, the initial goal of molecular electronics. So far, molecular electronic devices have been successfully developed as prototypes with different functionalities including diodes [8] , transistors [9] , switches [10] and memories [11] .
The realization of functionalities in molecular junctions is the synergistic effect of molecular engineering, interfacial engineering and materials engineering as shown in Fig. 1a . Firstly and most importantly, molecular engineering plays a key role in the device functionalization [12, 13] because specially designed molecules are able to endow the intrinsic molecular properties, which are directly correlated to their electronic structures, into molecular electronic devices. Secondly and complementarily, interfacial engineering plays an important role in the electrical characteristics of molecular devices [14] . Through the design of different anchoring groups and/or the introduction of different spacers between the functional core and the anchoring group, interfacial engineering determines the electronic structure at the molecule-electrode contact interface, as well as the coupling strength between the molecules and the electrodes. As a result, the interfacial behavior effectively controls molecular conductance, charge transport mechanism and the performance of device functionalities. Finally and technically, materials engineering mainly involves the design and choice of electrode materials, thus determining the development of the device fabrication methodology and experimental methods. Currently, the widely applied electrode materials include metal (Au, Pt, Cu, etc.), low-dimensional carbon materials (single-walled carbon nanotubes [15] and graphene [16] ), and their combination [17] . Among these electrode materials, metallic electrodes benefit from easy repeatability and high throughput. However, they suffer from unstable contact, atom electromigration and stochastic transition of interface conformation. In contrast, carbon-based electrodes benefit from high stability, excellent size compatibility with molecules and robust interface conformations, overcoming the disadvantages of metal electrodes to some extent [18] .
In general, the molecular orbitals (usually the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)) of the central functional groups play an important role in determining the transport properties in molecular electronic devices because they provide spatial conduction channels for electron to transport and cover all the quantum mechanical information of the electronic structures. In addition to the intrinsic molecular structure, external manipulation of the molecular orbitals proves to be a direct and effective strategy to control the electron transport behavior. By taking advantage of the sensitivity of molecular orbitals to external stimuli such as an electric field [19, 20] and light [21] [22] [23] , the functionalities of molecular electronic devices can be largely enriched. The FET behavior demonstrated in this device is attributed to the pronounced effect of an external gate voltage in tuning the position of the HOMO or the LUMO relative to the Fermi level of the electrodes. In 2016, Jia et al. [24] realized a fully reversible single-molecule photoswitch via covalently sandwiching single diarylethenes between graphene point contacts (Fig. 1c) . Through alternative radiation by ultraviolet and visible lights, the conformational change between closed/open forms of diarylethene molecules resulted in a smaller/ larger HOMO-LUMO gap, and thus led to a higher/lower conductance (Fig. 1d ). These studies demonstrate that functional molecules can indeed be used as a functional component with diversity in constructing electrical nanocircuits.
It should be mentioned that the use of chemical stimuli to modulate the properties of molecular electronic devices has become a hot topic these years. In comparison with electrical field and light stimuli, chemical reactions on the molecular wires can directly and largely alter the electronic structure of molecular devices (and thus the corresponding device conductance). For example, recently, Atesci et al. [25] realized a novel humidity-controlled molecular diode based on a self-assembly monolayer (SAM) of di-nuclear Ru-complex (2-Ru-N) molecules by employing conductive-probe atomic force microscopy (C-AFM). The 2-Ru-N molecule has a symmetric backbone with a strong electrostatic coupling between the two Ru-centers. The current-voltage (I-V) characteristics were measured by trapping the SAM between two indium tin oxide (ITO) electrodes at low (~5%) or high (~60%) relative humidity (Fig. 2a) . As shown in Fig. 2b , c, the I-V characteristics of 2-Ru-N junctions in the dry condition are symmetric, whereas there is a clear asymmetry in the high-humidity curves. The fitted rectification ratio (RR) by a Gaussian curve at 0.9 V in high humidity condition (RR=10 3.0±0.6 ) is about three orders of magnitude higher than that in low humidity (RR=10 0.4±0.4 ) (Fig. 2d) . Control experiments were conducted on mono-nuclear symmetric Ru-complexes 1-Ru-N and asymmetric Ru-complexes 1-Ru-Py, but neither of them showed diode-like behaviors both in dry and humid conditions, which implied that the key factors to humidity-dependent rectification result from the interactions of two Ru-centers in series and water molecules. Quantum chemistry calculations explained the mechanism of humidity-dependent rectification in 2-Ru-N junctions. In the dry circumstances, the two localized molecular orbitals (LMOs), which is the combination of HOMO and HOMO-1, are degenerate between the tip and the substrate (Fig. 2f, g ). Under positive or negative biases, there is a symmetric decrease in transmission as the two levels shift with each other ( 2h, i). In the humid circumstances, however, the two LMOs become misaligned, the chemical potential of the LMO near the tip was lower than that of the other LMO (Fig. 2l ). The reason for the level misalignment is that the replacement of the counter ions by water molecules at the tip side due to the higher hydrophilicity of the bare ITO tip and capillary effects breaks the asymmetry in the electrostatic environment of the tip and the substrate (Fig.  2j, k) . This level misalignment induced asymmetric factors influencing the LMO gaps on the contrary when the bias was applied in opposite directions. The transport is enhanced as the gap between the two chemical potentials of LMOs decreases at the positive bias (Fig. 2m) , while the transport is suppressed when the levels shift away from the resonance at the negative bias (Fig. 2n) . In addition, researchers found that the junction was also responsive to tip radius and applied force in humidity. After the optimization of tip radius and background noise, RR values could exceed 6,500.
Besides directly tuning the molecular orbitals, external chemical stimuli also take effect by controlling the electronic structure of the interface [26] . For instance, Capozzi et al. [27] used the STM break junction to characterize the electrical property of a symmetric oligomer of thiophene-1,1-dioxide (TDO) in polar solvents or nonpolar solvents, such as propylene carbonate (PC) or 1,2,4-trichlorobenzene (TCB) (Fig. 3a) . Fig. 3b demonstrates that the molecule can rectify in PC and the fitted RR value is more than 200 at 0.37 V, the highest reported for single-molecule diodes so far. By contrast, rectification behavior is not observed in TCB, as shown in Fig. 3c . The experiment and theoretical model reveal that the electric double layer formed at the tip is denser than that at the substrate in a polar and ion-soluble solvent PERSPECTIVE . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . because of the smaller area of the tip. Therefore, the molecular orbitals are pinned to the chemical potential of the substrate and the current depends on the polarity of the applied voltage.
Another result caused by chemical environment, which cannot be ignored in molecular electronic devices, is the charge distribution effect. It was reported by Morales et al. [28] that the rectification direction of single-molecule diodes can be switched responding to the acidity of the environment (Fig. 3d) . The dipyrimidinyl-diphenyl diblock oligomer connected between the Au substrate and Au nanoparticle exhibits an evident rectification effect owing to its large dipolar moment (Fig. 3e, black line) . With the addition of perchloric acid (HClO 4 ), the nitrogen atom on the pyrimidinyl moiety is protonated and the dipolar moment inverted, which results in the inversion of rectification direction (Fig. 3e, green line) . After the deprotonation by sodium ethoxide, rectification direction could recover (Fig. 3e , red line) [29] .
As discussed above, molecular electronic devices based on both single molecules and SAMs can function as rectifiers and be controlled through external environmental stimuli. In comparison with SAM-based devices, the rectification ratio and the sensitivity for single-molecule devices are less pronounced due to inevitable tunneling current at the "off" state. However, the advantages of single-molecule devices are their small size and their ability to reflect the unique behaviors of individual molecules. Notably, a special technique that combines chemical stimuli with high time-resolution acquisition was developed to monitor single-molecule junctions [30] . By real-time measurement, the dynamic process of chemical reactions can be revealed at the single-molecule/single-event level. This is a promising direction for future investigation in this field because the study of chemical reaction kinetics not only reveals the intrinsic mechanism of chemical reactions, but also can effectively regulate the chemical reaction, which is of practical significance to synthesis and chemical production. Recently, Guan et al. [31] developed a reliable platform of graphene-molecule-graphene single-molecule junctions to carry out single-molecule electrical detection in a solution environment with a time resolution of microseconds. With the combination of real-time electrical signals and theoretical calculation, the intermediate in a nucleophilic addition reaction of hydroxylamine to a carbonyl group was discovered (Fig. 3f) . Furthermore, through direct observation of individual hydrogen bond dynamics in different solvents/temperatures, Zhou et al. [32] did observe fast stochastic rearrangements of the hydrogen bond structures mainly through intermolecular proton transfer and lactam-lactim tautomerism (Fig. 3g) On the basis of the recent representative advances, we summarized and highlighted such a burgeoning area of environment-controlled molecular electronic devices. Starting from the structure-function relationship, functionalized molecular electronic devices are designed to be sensitive to specified external stimuli through molecular, interfacial and/or materials engineering. Essentially, the functionality of this type of molecular electronic devices is achieved through the modulation of molecular orbitals controlled by environmental stimuli, involving electric/ magnet field, light or chemicals. In particular, chemical stimuli have been developed rapidly as a powerful tool to control the behavior of molecular electronic devices with great diversity, selectivity and feasibility. This strategy provides a unique perspective for integrating numerous functionalities into electrical nanocircuits, which will invite intense studies in the future.
